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Complex shapes in biology depend on the ability of
cells to shift from isotropic to anisotropic growth dur-
ing development. In plants, this growth symmetry
breaking reflects changes in the extensibility of the
cell walls. The textbook view is that the direction of
turgor-driven cell expansion depends on the cortical
microtubule (CMT)-mediated orientation of cellulose
microfibrils [1, 2]. Here, we show that this view is
incomplete at best.Weusedatomic forcemicroscopy
(AFM) tostudychanges incell-wallmechanicsassoci-
ated with growth symmetry breaking within the hypo-
cotyl epidermis.Weshow that, first, growth symmetry
breaking is preceded by an asymmetric loosening of
longitudinal, as compared to transverse, anticlinal
walls, in the absence of a change in CMT orientation.
Second, this wall loosening is triggered by the selec-
tivede-methylesterificationof cell-wall pectin in longi-
tudinal walls, and, third, the resultant mechanical
asymmetry is required for the growth symmetry
breaking. Indeed, preventing or promoting pectin
de-methylesterification, respectively, increased or
decreased the stiffness of all the cell walls, but in
both cases reduced the growth anisotropy. Finally,
we show that the subsequent CMT reorientation con-
tributes to the consolidation of the growth axis but is
not required for the growth symmetry breaking. We
conclude thatgrowthsymmetrybreaking is controlled
at a cellular scale by bipolar pectin de-methylesterifi-
cation, rather than by the cellulose-dependent me-
chanical anisotropy of the cell walls themselves.
Such a cell asymmetry-driven mechanism is compa-
rable to that underlying tip growth in plants [3] but
also anisotropic cell growth in animal cells [4].
RESULTS
Developmentally ControlledGrowth Symmetry Breaking
in Dark-Grown Hypocotyl Cells
We studied growth symmetry breaking in epidermal cells of
dark-grown hypocotyls. The growth rate of this organ was1746 Current Biology 25, 1746–1752, June 29, 2015 ª2015 Elsevier Llow for the first 15 hr after germination, showed an exponen-
tial increase from 15 to 25 hr, and leveled off to a constant
rate of around 3 mm/day for the rest of the monitoring period
[5] (Figure S1A). During the first 15 hr, epidermal cells
expanded isotropically at a constant rate of around 9 mm/day
(Figures S1B and S1C). After 15 hr, cell expansion became
anisotropic following a wave-like pattern starting from the
base of the hypocotyl (Figures S1B and S1C) as shown by
the evolution of the aspect ratios (width over length) of the cells
(Figure S1D).
Measuring Cell-Wall Stiffness in Hypocotyl Epidermis
Cells using AFM
Using a previously established AFM-based indentation tech-
nique [6, 7], we measured the stiffness of the anticlinal (i.e.,
perpendicular to the organ surface) epidermal walls of plasmo-
lysed cells 19 hr after germination (Figure 1). An apparent
Young’s modulus was calculated for transverse and longitudinal
cell walls [7]. The smaller symmetric cells at the top of the hypo-
cotyl showed comparable values for both types of walls. Inter-
estingly, for themore elongated cells further down the hypocotyl,
the stiffness of the transverse walls was comparable to that of
the walls of the smaller symmetric cells, whereas the stiffness
of the longitudinal walls was significantly lower (Figure 1). This
difference was unlikely to be an artifact of the AFM method as
discussed in the Supplemental Experimental Procedures.
Together, we conclude that anisotropic growth correlated with
the selective loosening of the longitudinal walls. In what follows,
we will refer to this differential cell-wall stiffness as the mechan-
ical asymmetry of the cell.
Mechanical Asymmetry Precedes Growth Anisotropy
To investigate the temporal relationship between the appear-
ance of mechanical asymmetry and the growth symmetry
breaking, we measured, for 417 epidermal cells in 14 hypocotyls
at different growth stages, mechanical asymmetry and aspect
ratio (Figure 2A) and transformed these quantitative measures
into a qualitative format for visualization (Figures 1B, 2B, S2A,
S2B, and S2E; see Supplemental Experimental Procedures for
thresholds adopted to distinguish symmetry from asymmetry).
As expected, almost all (248 out of 259 cells, 95.8%) of the
geometrically asymmetric cells (marked with a bar in Figures
1B, 2B, S2A, S2B, and S2E) also showedmechanical asymmetry
(gray cells). The exceptions (mechanically symmetric (white) and
geometrically asymmetric (bar) cells) were found primarily (seventd All rights reserved
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Figure 1. Cellular Asymmetry in Wall Stiffness in Dark-Grown
Hypocotyl
(A) Dark-grown hypocotyl 19 hr after germination
(B) Apparent Young’s modulus (EA, or ‘‘stiffness’’) map of the same area (upper
panel) and schematic representation of aspect ratios and mechanical asym-
metry of two central rows of cells (lower panel). Geometrically symmetric (dots)
and asymmetric (bars) cells and mechanically symmetric (white) and asym-
metric (gray) cells are shown.
(C) Close-up of the stiffness maps (stiffness values according to color code in
side bars) of four cells in areas of (A) labeled ‘‘a, b, c, d’’.
(D) Average Young’s moduli measured on the transverse (black bars) and
longitudinal (white bars) anticlinal cell walls of the same cells (between ten and
20 measurements per wall type).
Scale bars, 50 mm. Error bars, SD, **t test p < 0.0001.out of 11) in very small cells in 9-hr-old hypocotyls andmost likely
reflect errors in the assignment to one of the categories due
to the choice of the threshold. In contrast, among the small
symmetric cells (marked with a dot), a significant number (63
out of 158) were mechanically asymmetric (gray), and most of
these cells were close to the wavefront between geometrically
symmetric and asymmetric cells. We conclude that the appear-
ance of mechanical asymmetry preceded growth symmetry
breaking.
To further confirm this temporal relationship, we investigated a
complex but highly reproducible gravitropic growth pattern that
occurred when germinating seeds were oriented with their em-
bryonic root pointed upward (Figures S2B–S2F). Zones within
the hypocotyl, in which cells were predicted to have high or
low mechanical asymmetry based upon the growth pattern,
were indeed experimentally validated for 237 cells in nine
hypocotyls (see Figures S2B–S2F for a detailed description).
Together, these observations confirmed that mechanical asym-
metry predicted growth anisotropy.Current Biology 25, 174Asymmetric Pectin De-methylesterification Triggers
Mechanical and Growth Symmetry Breaking
The pectic polysaccharide homogalacturonan (HG) is a major
component of the walls of growing cells [8]. HG is secreted in a
highly methylesterified form and selectively de-methylesterified
in the cell wall by pectin methylesterases (PME), the activity of
which is regulated by endogenous proteinaceous PME inhibitors
(PMEI) [9]. We previously showed that pectin de-methylesterifi-
cation, at least in the shoot apical meristem, triggers cell-wall
loosening and organ formation [6, 10]. To investigate whether a
similar process also underlies the establishment of the mechan-
ical asymmetry in the hypocotyl, we first quantified low degree of
methylesterification (DM) HG in the cell walls of the epidermal
cells using the 2F4 antibody, which specifically recognizes
Ca2+-crosslinked low DM HG [11]. Whereas no above-back-
ground labeling was observed in the majority of the small sym-
metric cells of 9-hr-old hypocotyls (Figure S3B), we indeed
observed accumulation of low DM HG preferentially in longitudi-
nal walls in older cells (Figures 3A and 3J). To investigate the cau-
sality between pectin de-methylesterification, wall stiffness, and
extensibility, we manipulated the de-methylesterification of HG
through the inducible overexpression of the pectin methylester-
ase 5 (PME5oe) or the PME inhibitor 3 (PMEI3oe) as previously
described [6]. As expected, in PME5oe and PMEI3oe the 2F4
labeling was significantly increased or reduced, respectively,
and in both cases the asymmetry in labeling was lost (Figures
3A–3C and 3J). In addition, in PME5oe and PMEI3oe, the overall
stiffness of the cell walls was reduced and increased respectively
and in both cases themechanical asymmetrywas abolished (Fig-
ures 3D–3F, 3K, and S3A). This corroborates our previous obser-
vations on the shoot apical meristem showing a correlation
between degree of pectin methylesterification and wall stiffness
[6]. Finally, PME5oe and PMEI3oe cells were wider and shorter
respectively as compared to WT cells at similar growth stages,
and, consistent with their lack of mechanical asymmetry, they
both had reduced (PME5oe) or no (PMEI3oe) growth asymmetry
(Figure 3L and S3A). Together these results show that, first,
asymmetric pectin de-methylesterification triggered the process
leading to the mechanical asymmetry and, second, growth sym-
metry breaking depended upon the mechanical asymmetry of
the cell independently from the actual stiffness of the walls.
Since plant cells are glued together within an organ, it is
formallypossible that thegrowth symmetrybreakingof epidermal
cells reflects changes in thewalls of deeper cell layers and result-
ing tissue stresses rather than the mechanical differences
observed in the epidermal cell walls [12]. To investigate this, we
monitored the growth of epidermal cell-wall domains that
became exposed after separation of the cells through incision
within the imbibed seed. We reasoned that if the mechanical
asymmetry of the epidermal cells indeed dictates their growth
asymmetry, exposed cell-wall domains that correspond to longi-
tudinal and transverse walls, respectively, would differentially
expand leading to crown-shaped lobed structures (Figure 3G).
Instead, in cells without mechanical asymmetry one would
observe a homogeneous bulging of the exposed end (Figures
3Hand3I).Wefirst ascertained that the incision itself did not inter-
fere too strongly with cell growth. Interestingly, time-lapse imag-
ing (Movie S3) showed that neither hypocotyl elongation nor the
growth gradient was perturbed suggesting that the incision in6–1752, June 29, 2015 ª2015 Elsevier Ltd All rights reserved 1747
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Figure 2. Cellular Asymmetry in Wall Me-
chanics Precedes Growth Anisotropy and
Is Independent fromMicrotubule/Microfibril
Orientation
(A) Stiffness map of the hypocotyl base (third cell
starting from the collet at bottom of each image) at
different time points after germination.
(B) Schematic representation of mechanical
asymmetry and aspect ratio (symbols as in Fig-
ure 1) for each cell in central cell files of the hypo-
cotyl at different time points after germination.
Tables show quantification of cell categories
(symbols as in Figure 1) in hypocotyl after 9 (left)
and 12 hr or more (right) after germination.
(C–H) Mechanical asymmetry appears in the
absence of a reorientation of cortical microtubules
(CMT) and cellulose synthase tracks. Apparent
Young’s modulus (EA) or stiffness map of hypo-
cotyl cells within the apical hook (C), CMTs visu-
alized with promIXR3::YFP-microtubule-binding
domain at the outer periclinal face of epidermal
cells (D), CMTs at the inner periclinal face (E),
average orientation (F), and anisotropy ratio (G) of
CMTs at outer (gray bars) and inner (red bars)
periclinal face of the epidermal cells and apparent
Young’s modulus (EA) of transverse (black bars)
and longitudinal (white bars) anticlinal cell walls (H).
Control cell in (F) and (G) is the more elongated cell
in Figure S2T. Control ‘‘WT 9h’’ cell in (H) is a
mechanically symmetric cell chosen in a hypocotyl
9 hr after germination. ‘‘C1–C5’’ refer to the cells in
(C)–(E). All the cells present a significant mechan-
ical asymmetry.
Scale bars, 50 mm. Error bars, SD, ***t test p <
0.0001. *t test p < 0.01.the imbibed embryo itself did not induce significant changes in
cell-wall properties. Interestingly, exposed epidermal cell ends
of control hypocotyls showed the predictedcrown-shaped struc-
tures indicating differentially growing longitudinal and transverse
cell-wall domains (Figure 3G). In addition, suppressing the me-
chanical asymmetry by PME5oe or PMEI3oe (Figures 3H and
3I) or light (data not shown) abolished differential extensibility as
shown by the absence of lobed cell ends. The results confirm
that theobserveddifferences inwall stiffness indeed reflecteddif-
ferences in extensibility underlying the growth asymmetry.
Two-Stage Control of Growth Anisotropy: The
Reorientation of Microtubules Contributes to the
Consolidation of Growth Anisotropy but Is Not Required
for Growth Symmetry Breaking
According to the textbook view, the oriented deposition of cellu-
lose microfibrils perpendicular to the growth axis is a key deter-1748 Current Biology 25, 1746–1752, June 29, 2015 ª2015 Elsevier Ltd All rights reservedminant for anisotropic cell expansion
[2, 12]. Cortical microtubules (CMTs)
guide the cellulose synthase complexes
and thus control the orientation of the cel-
lulose microfibrils [13]. In young symmet-
rically growing cells, CMT arrays do not
show a preferential orientation but un-
dergo rotary movements [14, 15]. CMTs
subsequently adopt a transverse orienta-tion with respect to the elongation axis at the internal periclinal
face of the cell around the onset of rapid elongation and later
on at the external periclinal face [14, 16]. It is therefore possible
that the observed decrease in stiffness of the longitudinal walls
somehow reflected a change in the cellulose deposition pattern.
We therefore investigated the temporal relationship between the
orientation of CMTs (visualized in living cells that express the Yel-
low Fluorescent Protein [YFP] fused to a microtubule binding
domain, specifically in epidermis cells [17, 18]) and the appear-
ance of mechanical asymmetry. Consistent with previous obser-
vations [14], more elongated control cells showed (Figure S2T)
overall transversely oriented CMTs at the inner periclinal face
(red bars) and more obliquely oriented CMTs at the outer pericli-
nal face (gray bars) (Figures 2F and 2G). In addition, smaller cells
within or just below the apical hook had not yet reoriented their
CMT arrays to a stable transverse orientation for either outer
and inner periclinal faces as shown by the variable average
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Figure 3. Asymmetric Pectin De-methylesterification Triggers Mechanical and Growth Symmetry Breaking
Immunolabeling of low degree of methylesterification (DM) homogalacturonan (HG) in walls of hypocotyl epidermis cells with the antibody 2F4 (A–C) (upper panel:
immunofluorescence, lower panel: view of the cell contours stained with calcofluor white) and quantification of fluorescent signals in transverse (black bars) and
longitudinal (white bars) walls (J); stiffness maps (D–F) and quantification of the Apparent Young’s modulus (EA) of transverse (black bars) and longitudinal (white
bars) anticlinal walls (K); width (black bars) and length (white bars) of cells (L) at comparable positions at hypocotyl base (third cell from the collet) 19 hr after
germination of wild-type (A and D); the PMEI3 overexpression line (PMEI3oe) (B and E) and the PME5 overexpression line (PME5oe) (C and F). n = 32 (wild-type),
n = 12 (PMEI3oe), and n = 31 (PME5oe). Cell autonomous effect of mechanical asymmetry on growth asymmetry (G–I): view of representative calcofluor-stained
cells (between third and tenth cell starting from the collet measured 21–24 hr after germination) straddling the incision in the hypocotyl wild-type (G), PMEI3oe (H),
and PME5oe (I). Arrows point to cell ends that are lobed in (G) and rounded in (H) and (I). Insets depict the expected outgrowth patterns of the cell ends in
mechanically asymmetric (G) and symmetric (H and I) cells. For fluorescence quantification 0 corresponds to autofluorescence of the cell wall and 100 to a
strongly labeled wall of internal cell layers of the hypocotyl. ***t test p < 0.0001. Scale bars, 10 mmCMT angles (0 is parallel to the elongation axis) between cells
shown in Figures 2C–2E; Figures S2G–S2S, S2U, and S2V and
lower CMT anisotropy ratios (see Supplemental ExperimentalCurrent Biology 25, 174Procedures for a definition of this parameter). Nevertheless, all
of these smaller cells already displayed amechanical asymmetry
(Figures 2C–2E; Figures S2G–S2S and S2W), indicating that the6–1752, June 29, 2015 ª2015 Elsevier Ltd All rights reserved 1749
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Figure 4. A Two-Step Mechanism for the Establishment of Growth Anisotropy
(A–F) Mechanical asymmetry and growth symmetry breaking also occurs in amutant impaired in cortical microtubule (CMT) reorientation. Stiffness map (A and B)
and CMTs (visualized with promIXR3::YFP-MBD) at outer (middle row) and inner (bottom row) periclinal face of hypocotyl epidermal cells (third cell from the collet)
in wild-type (C) and katanin mutant bot1-7 (D). Average apparent Young’s modulus (EA) of transverse (black bars) and longitudinal (white bars) anticlinal walls (E)
and width (black bars) and length (white bars) of the cells (F). ***t test p < 0.0001. Scale bars, 10 mm.
(G) Schematic representation of cellular events during growth symmetry breaking in the dark-grown hypocotyl. Upon germination, wild-type (two left columns)
hypocotyl epidermal cells are initially mechanically and geometrically symmetric; next, longitudinal walls selectively undergo a reduction in stiffness (orange walls
turn into blue) as a result of local pectin de-methylesterification activity, thus creating a mechanical asymmetry, which triggers the growth symmetry breaking.
This occurs while CMTs, and hence cellulose synthase tracks, lack a preferential orientation both at the outer and inner periclinal face of the epidermis. Next,
CMTs do reorient to a transverse orientation, first at the internal (column 2), later at the external face (column 1) of the cell, but only after anisotropic growth has
been initiated and hence these events are not the cause of the symmetry breaking. The katanin mutant bot1-7 (two right columns) fails to reorient its CMTs but still
shows the mechanical and growth symmetry breaking. Later on, however, mutant hypocotyl cells, in contrast to wild-type cells, continue to expand radially.
Together, the results indicate that the microtubule reorientation is required for the consolidation of the growth axis but not for the growth symmetry breaking.mechanical asymmetry emerged before the CMTs had adopted
a stable transverse orientation. In addition, in line with the obser-
vations on the CMTs, we also observed no preferential trans-
verse orientation for the Green Fluorescent Protein-Cellulose
Synthase A (GFP-CESA)3-tagged cellulose synthase tracks at
the outer periclinal surface of small but mechanically asymmetric
cells (Figure S2S). To confirm the absence of a role for CMT re-
orientation in the growth symmetry breaking, we analyzed a
katanin loss-of-function mutant (bot1-7), which is impaired in
its ability to reorient the CMT arrays (Figures 4C and 4D and
[19, 20]). Interestingly, mutant cells still underwent normal me-
chanical and growth asymmetry breaking (Figures 4A, 4B, and
4E; Figure S3A; Movie S4) but, in contrast to the wild-type in
which no further radial expansion occurred, they subsequently
continued to expand in the radial direction (Figure S3C) [19].
This suggests that the katanin-mediated reorientation of the
CMT arrays is required to consolidate the growth axis after the
initial growth symmetry breaking.
We conclude that the acquisition of growth anisotropy in
the hypocotyl epidermis is a two-stage process: the growth
symmetry breaking as a result of the mechanical asymmetry trig-
gered by the selective pectin de-methylesterification and loos-
ening of the longitudinal anticlinal cell walls, followed by the
consolidation of the growth axis as a result of the reorientation
of CMT arrays and cellulose deposition patterns to a transverse
orientation.
DISCUSSION
In this study, we asked the question, what controls the shift from
isotropic to anisotropic cell expansion? The current, widely1750 Current Biology 25, 1746–1752, June 29, 2015 ª2015 Elsevier Laccepted view makes a distinction between diffuse global
growth, as observed in the hypocotyl epidermis, and local differ-
ential growth as seen for instance in pollen tubes (in this context
also referred to as tip growth) and in a variety of cell types that
combine both growth modes [21]. In the case of the pollen
tube, the shape of the tube is thought to be the result of the
coupling between cell-wall deposition around the tip of the cell
and mechanical deformation [3, 22]. In contrast, the control of
the growth direction of diffusely growing cells is generally
considered to reflect the anisotropy of the cell-wall material, crit-
ically controlled by the deposition pattern of microfibrils, which,
with their high tensile strength, are expected to favor cell-wall
expansion in a direction perpendicular to their orientation
[12, 23]. Here, we carefully measured changes in cell-wall me-
chanics during growth symmetry breaking in the hypocotyl
epidermis and provided evidence that this process is controlled
at the scale of the cell rather than that of the individual cell walls
and independently from the microtubule/microfibril orientation.
We also propose a mechanism for the triggering of the selective
loosening of the longitudinal walls through the bipolar distribu-
tion of PME activity. These results show that the dichotomy
between diffuse and local differential growth, as far as growth
symmetry breaking is concerned, is artificial, since both systems
are based on the selective changes in the extensibility of distinct
cell-wall domains and not on the mechanical anisotropy of the
cell walls themselves. It is interesting to note that a similar mech-
anism also underlies growth asymmetry in animal cells [24–26].
This study confirms previous observations on the apical mer-
istem showing that pectin de-methylesterification can trigger the
process leading to cell-wall loosening [6]. It remains to be seen
whether low DM pectate promotes wall compliance directly astd All rights reserved
described for instance in Chara corallina [27, 28] or indirectly for
instance through an effect on auxin transport [29]
The results led us to propose that acquisition of growth anisot-
ropy in the hypocotyl epidermis is a two-step process (Fig-
ure 4G): the cells first go through a slow, isotropic growth phase
during which the longitudinal and transverse anticlinal walls
show a comparable stiffness; next, longitudinal walls are selec-
tively loosened (orange walls turn blue in Figure 4G), thus
creating a mechanical asymmetry. As a result, cells undergo a
transition to anisotropic cell expansion. The symmetry breaking
occurs while CMTs, and hence cellulose synthase tracks, lack a
preferential orientation both at the outer and inner periclinal face
of the epidermis. CMTs do adopt a transverse orientation, first at
the internal, later at the external face of the cell, but only after
anisotropic growth has been initiated, and hence this event is
not the cause of the symmetry breaking. CMT reorientation
might be triggered, through a feedbackmechanism, by a change
in mechanical stress patterns associated with the growth
changes as observed in other systems [20, 30] and contributes
to the consolidation of the growth axis through the reorientation
of cellulose deposition patterns. Indeed, in the absence of this
microtubule reorientation in the katanin mutant bot1-7 (Fig-
ure 4G, right panels), cells still showed the breaking of mechan-
ical and growth symmetry but subsequently continued to
expand radially.
It should be noted that growth symmetry breaking through se-
lective loosening of longitudinal walls can work as such only in
the context of a tissue. Indeed, in an isolated cell this process
in the absence of transversely oriented microfibrils would simply
cause the longitudinal walls to bulge. It remains possible, how-
ever, that also in isolated cells, the same mechanism underlies
growth symmetry breaking but that there is a more rapid
coupling between the selective wall loosening and the microtu-
bule reorientation.
Finally, the advantage of a growth symmetry breaking mecha-
nism based on the asymmetric delivery of wall loosening (or
stiffening) agents, rather than on the intrinsic mechanical
anisotropy of the cell wall is that it allows for rapid responses
to external cues (e.g., the tropic responses shown in Figures
S2B–S2F) and lacks memory effects and thus permits revers-
ibility at least before consolidation of the growth axis by oriented
cellulose deposition. The next goal will be to determine what
controls the timing and the bipolar distribution of the PME
activity.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and four movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.05.022.
ACKNOWLEDGMENTS
Special thanks to Yves Couder formany helpful discussions and LisaWillis and
Sebastian Wolf for critical reading of the manuscript. The work was financed in
part by the French ‘‘Agence Nationale pour la Recherche,’’ grants ANR-09-
BLANC-0007-01 (‘‘Growthpec’’); ANR-10-BLAN-1516 (‘‘Mechastem’’); ANR-
FWF-2014 ‘‘Pectosign’’ (to H.H.). A.P. has received the support of the EU in
the framework of the Marie-Curie FP7 COFUND People Programme through
the award of an AgreenSkills fellowship under grant agreement no. 267196.
We thank Pierre Van Cutsem for providing the 2F4 antibodies.Current Biology 25, 174Received: July 21, 2014
Revised: April 7, 2015
Accepted: May 12, 2015
Published: June 11, 2015
REFERENCES
1. Green, P.B. (1962). Mechanism for plant cellular morphogenesis. Science
138, 1404–1405.
2. Lloyd, C. (2011). Dynamic microtubules and the texture of plant cell walls.
Int. Rev. Cell Mol. Biol. 287, 287–329.
3. Parre, E., and Geitmann, A. (2005). Pectin and the role of the physical
properties of the cell wall in pollen tube growth of Solanum chacoense.
Planta 220, 582–592.
4. Vichas, A., and Zallen, J.A. (2011). Translating cell polarity into tissue elon-
gation. Semin. Cell Dev. Biol. 22, 858–864.
5. Pelletier, S., Van Orden, J., Wolf, S., Vissenberg, K., Delacourt, J., Ndong,
Y.A., Pelloux, J., Bischoff, V., Urbain, A., Mouille, G., et al. (2010). A role for
pectin de-methylesterification in a developmentally regulated growth ac-
celeration in dark-grown Arabidopsis hypocotyls. New Phytol. 188,
726–739.
6. Peaucelle, A., Braybrook, S.A., LeGuillou, L., Bron, E., Kuhlemeier, C., and
Ho¨fte, H. (2011). Pectin-induced changes in cell wall mechanics underlie
organ initiation in Arabidopsis. Curr. Biol. 21, 1720–1726.
7. Peaucelle, A. (2014). AFM-based mapping of the elastic properties of cell
walls: at tissue, cellular, and subcellular resolutions. J. Vis. Exp. Published
online July 24, 2014. http://dx.doi.org/10.3791/51317.
8. Zablackis, E., Huang, J., Mu¨ller, B., Darvill, A.G., and Albersheim, P.
(1995). Characterization of the cell-wall polysaccharides of Arabidopsis
thaliana leaves. Plant Physiol. 107, 1129–1138.
9. Se´ne´chal, F., Wattier, C., Ruste´rucci, C., and Pelloux, J. (2014).
Homogalacturonan-modifying enzymes: structure, expression, and roles
in plants. J. Exp. Bot. 65, 5125–5160.
10. Peaucelle, A., Louvet, R., Johansen, J.N., Ho¨fte, H., Laufs, P., Pelloux, J.,
and Mouille, G. (2008). Arabidopsis phyllotaxis is controlled by the methyl-
esterification status of cell-wall pectins. Curr. Biol. 18, 1943–1948.
11. Liners, F., Letesson, J.J., Didembourg, C., and Van Cutsem, P. (1989).
Monoclonal Antibodies against Pectin: Recognition of a Conformation
Induced by Calcium. Plant Physiol. 91, 1419–1424.
12. Baskin, T.I. (2005). Anisotropic expansion of the plant cell wall. Annu. Rev.
Cell Dev. Biol. 21, 203–222.
13. Paredez, A.R., Persson, S., Ehrhardt, D.W., and Somerville, C.R. (2008).
Genetic evidence that cellulose synthase activity influences microtubule
cortical array organization. Plant Physiol. 147, 1723–1734.
14. Crowell, E.F., Timpano, H., Desprez, T., Franssen-Verheijen, T., Emons,
A.M., Ho¨fte, H., and Vernhettes, S. (2011). Differential regulation of cellu-
lose orientation at the inner and outer face of epidermal cells in the
Arabidopsis hypocotyl. Plant Cell 23, 2592–2605.
15. Chan, J., Crowell, E., Eder, M., Calder, G., Bunnewell, S., Findlay, K.,
Vernhettes, S., Ho¨fte, H., and Lloyd, C. (2010). The rotation of cellulose
synthase trajectories is microtubule dependent and influences the texture
of epidermal cell walls in Arabidopsis hypocotyls. J. Cell Sci. 123, 3490–
3495.
16. Chan, J., Eder, M., Crowell, E.F., Hampson, J., Calder, G., and Lloyd, C.
(2011). Microtubules and CESA tracks at the inner epidermal wall align
independently of those on the outer wall of light-grown Arabidopsis hypo-
cotyls. J. Cell Sci. 124, 1088–1094.
17. Wightman, R., and Turner, S.R. (2007). Severing at sites of microtubule
crossover contributes to microtubule alignment in cortical arrays. Plant
J. 52, 742–751.
18. Wightman, R., Chomicki, G., Kumar, M., Carr, P., and Turner, S.R. (2013).
SPIRAL2 determines plant microtubule organization by modulating micro-
tubule severing. Curr. Biol. 23, 1902–1907.6–1752, June 29, 2015 ª2015 Elsevier Ltd All rights reserved 1751
19. Bichet, A., Desnos, T., Turner, S., Grandjean, O., and Ho¨fte, H. (2001).
BOTERO1 is required for normal orientation of cortical microtubules and
anisotropic cell expansion in Arabidopsis. Plant J. 25, 137–148.
20. Uyttewaal, M., Burian, A., Alim, K., Landrein, B., Borowska-Wykre˛t, D.,
Dedieu, A., Peaucelle, A., Ludynia, M., Traas, J., Boudaoud, A., et al.
(2012). Mechanical stress acts via katanin to amplify differences in growth
rate between adjacent cells in Arabidopsis. Cell 149, 439–451.
21. Geitmann, A., and Ortega, J.K. (2009). Mechanics and modeling of plant
cell growth. Trends Plant Sci. 14, 467–478.
22. Campa`s, O., Rojas, E., Dumais, J., and Mahadevan, L. (2012). Strategies
for cell shape control in tip-growing cells. Am. J. Bot. 99, 1577–1582.
23. Suslov, D., and Verbelen, J.P. (2006). Cellulose orientation determines
mechanical anisotropy in onion epidermis cell walls. J. Exp. Bot. 57,
2183–2192.
24. Warrington, S.J., Strutt, H., and Strutt, D. (2013). The Frizzled-dependent
planar polarity pathway locally promotes E-cadherin turnover via recruit-
ment of RhoGEF2. Development 140, 1045–1054.1752 Current Biology 25, 1746–1752, June 29, 2015 ª2015 Elsevier L25. Fristrom, D., Wilcox, M., and Fristrom, J. (1993). The distribution of PS in-
tegrins, laminin A and F-actin during key stages in Drosophila wing devel-
opment. Development 117, 509–523.
26. Czirok, A., Zamir, E.A., Filla, M.B., Little, C.D., and Rongish, B.J. (2006).
Extracellular matrix macroassembly dynamics in early vertebrate em-
bryos. Curr. Top. Dev. Biol. 73, 237–258.
27. Boyer, J.S. (2009). Cell wall biosynthesis and the molecular mechanism of
plant enlargement. Funct. Plant Biol. 36, 383–394.
28. Peaucelle, A., Braybrook, S., and Ho¨fte, H. (2012). Cell wall mechanics
and growth control in plants: the role of pectins revisited. Front. Plant
Sci. 3, 121.
29. Braybrook, S.A., and Peaucelle, A. (2013). Mechano-chemical aspects of
organ formation in Arabidopsis thaliana: the relationship between auxin
and pectin. PLoS ONE 8, e57813.
30. Mirabet, V., Das, P., Boudaoud, A., and Hamant, O. (2011). The role of
mechanical forces in plant morphogenesis. Annu. Rev. Plant Biol. 62,
365–385.td All rights reserved
